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Abstract
We discuss a decay rate asymmetry of the top squark, which is induced by a new
source of CP violation intrinsic in the supersymmetric standard model. Although
new sources of CP violation in this model are severely constrained from the electric
dipole moment of the neutron, an unsuppressed CP -violating phase can still coex-
ist with a top squark whose mass is accessible by near-future colliders. Then the
dominant decay mode of the top squark has a width different from its CP conjugate
process. The magnitude of this CP asymmetry becomes of order 10−3.
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In the standard model (SM) a physical complex phase in quark mass matrices
is, aside from the strong CP phase, the only source of CP violation. This phase
can explain CP violation in the K0-K¯0 system, whereas other sizable CP -violating
phenomena are not expected except in the B0-B¯0 system [1]. On the other hand,
various models beyond the SM contain new sources of CP violation. These effects
may be observed in reactions where the SM does not predict CP violation. For
instance, near-future collider experiments, such as LHC and NLC, enable precise
measurements of certain reactions, which could provide an opportunity of detecting
new CP -violating phenomena.
The supersymmetric standard model (SSM) contains a new source of CP vio-
lation in the top-squark system [2]. We have recently studied their effects on the
decay of the top quark [3]. Taking into account the constraints from the electric
dipole moment (EDM) of the neutron, it was shown that a rate asymmetry between
the decays t → bW+ and t¯ → b¯W− can be induced at a magnitude of order 10−3.
However, this asymmetry is generated only if there exists a top squark lighter than
the top quark. If this condition is not satisfied, other phenomena have to be invoked
to search for CP violation arising from the top-squark system. Since CP violation
by the top-squark interactions may be able to explain baryon asymmetry of the
universe [4], it would be of interest to examine this mechanism of CP violation.
In this letter, we discuss CP violation which is induced by the top squark heavier
than the top quark. If a top squark is sufficiently heavy, its dominant decay modes
are tree-level two-body decays t˜→ bω and t˜→ tχ, where ω and χ denote a chargino
and a neutralino, respectively. These final states are also produced at the one-
loop level by final state interactions. If the interactions of the top squark violate
CP invariance, these decays are expected to have rates different from their CP
conjugate processes, which are measured by the asymmetries
AbCP =
Γ(t˜→ bω+)− Γ(t˜∗ → b¯ω−)
Γ(t˜→ bω+) + Γ(t˜∗ → b¯ω−) , (1)
AtCP =
Γ(t˜→ tχ)− Γ(t˜∗ → t¯χ)
Γ(t˜→ tχ) + Γ(t˜∗ → t¯χ) . (2)
Owing to CPT invariance, the decay widths satisfy the relation
Γ(t˜→ bω+)− Γ(t˜∗ → b¯ω−) = −
{
Γ(t˜→ tχ)− Γ(t˜∗ → t¯χ)
}
, (3)
making the total width of the top squark to be the same as that of the anti-top
squark. We calculate the asymmetry AbCP . Its magnitude can become of order 10
−3,
which may be accessible at near-future colliders.
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We first briefly review the model [5]. The SSM contains two new CP -violating
phases. These phases can be taken, without loss of generality, for those of the
dimensionless coupling constant A in the trilinear terms of the scalar fields and the
Higgsino mass parameter mH in the bilinear term of the Higgs superfields,
A = |A| exp(iα), mH = |mH | exp(iθ). (4)
The mass-squared matrix M2t for the top squarks have these phases, which is given
by
M2t = (5)(
m2t + cos 2β(
1
2
− 2
3
sin2 θW )M
2
Z + M˜
2
tL mt(cot βmH + A
∗m3/2)
mt(cot βm
∗
H + Am3/2) m
2
t +
2
3
cos 2β sin2 θWM
2
Z + M˜
2
tR
)
,
with m3/2 and tan β being respectively the gravitino mass and the ratio of the
vacuum expectation values of the Higgs bosons. The mass-squared parameters M˜2tL
and M˜2tR are expressed as
M˜2tL = M˜
2
q − cm2t , M˜2tR = M˜2q − 2cm2t , (6)
where M˜q is of order m3/2 and represents approximately squark masses for the first
two generations. The dimensionless constant c stands for an amount of quantum
corrections through the Yukawa interactions proportional to the top-quark mass,
with c = 0.1− 1.
The mass-squared matrix M2t could become an origin of sizable CP violation, if
the imaginary parts of the off-diagonal elements are comparable with the real parts
and the diagonal elements. This condition requires that M˜q be not much larger
than mt, and at least either θ or α be of order unity. However, these parameters are
severely constrained by the EDM of the neutron. An unsuppressed magnitude for
θ and a value of M˜q smaller than 1 TeV give a too large magnitude to the neutron
EDM through one-loop diagrams mediated by charginos and squarks [6]. On the
other hand, the experimental upper bound on this EDM is compatible with α ∼ 1
and M˜q < 1 TeV, provided that the gluinos are sufficiently heavy [3]. We thus
assume that θ is much smaller than unity and α alone has a nonnegligible value.
A nonvanishing value for the asymmetry AbCP in Eq. (1) is generated, if the decay
t˜ → tχ, in addition to the decay t˜ → bω, is allowed kinematically. The produced
top quark and neutralino can become a bottom quark and a chargino by exchanging
charged Higgs bosons H±, W bosons, and bottom squarks b˜, as shown in Fig. 1.
The interferences of these one-loop diagrams with the tree diagram make the rate
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of the decay t˜ → bω+ different from that of the decay t˜∗ → b¯ω−. The relevant
interaction Lagrangian for t˜, b˜, and W is given by
L = i g√
2
b˜†kω¯
c
i
(
AkLi
1− γ5
2
+ AkRi
1 + γ5
2
)
t+ i
g√
2
t˜†kω¯i
(
BkLi
1− γ5
2
+BkRi
1 + γ5
2
)
b
+ i
g√
2
t˜†kχ¯j
(
F kLj
1− γ5
2
+ F kRj
1 + γ5
2
)
t+ i
g√
2
b˜†kχ¯j
(
GkLj
1− γ5
2
+GkRj
1 + γ5
2
)
b
+
g√
2
W †µχ¯jγ
µ
(
HLji
1− γ5
2
+HRji
1 + γ5
2
)
ωi +H.c.. (7)
For the definitions of various coefficients, we refer to Ref. [3]. The interaction
Lagrangian for H± is given by
L = g√
2
H+χ¯j
(
ILji
1− γ5
2
+ IRji
1 + γ5
2
)
ωi
+
g√
2
H+t¯
(
KL
1− γ5
2
+KR
1 + γ5
2
)
b+H.c., (8)
where coefficients are defined as
ILji = − sin β{(tan θWN1j +N2j)CL2i −
√
2N3jCL1i},
IRji = cos β{(tan θWN∗1j +N∗2j)CR2i +
√
2N∗4jCR1i},
KL = cotβ
mt
MW
, KR = tanβ
mb
MW
, (9)
CL, CR, and N being the unitary matrices which diagonalize the chargino and
neutralino mass matrices [3]. The SSM parameters appearing in our analyses are
tan β, A, mH , M˜q, m3/2, c, the SU(2) gaugino mass m˜2, and the charged Higgs-boson
mass MH± . Although these parameters are not all independent of each other, they
can have various sets of values depending on assumptions for underlying models. For
simplicity, we take those parameters independent and assume only rough constraints
coming from theoretical and experimental considerations.
We now consider the decay of the lighter top squark into the bottom quark
and the lighter chargino t˜1 → bω+1 and its CP conjugate process. The decay rate
asymmetry for these processes are obtained as
AbCP =
α2
2
[{
(|B1L1|2 + |B1R1|2)(M˜2t1 −m2b − m˜2ω1)
− 4Re(B1L1B1∗R1)mbm˜ω1
}√
λ(M˜2t , m˜
2
ω1, m
2
b)
]−1(
T a + T b + T c
)
, (10)
where the kinematic function λ(a, b, c) is defined by
λ(a, b, c) = a2 + b2 + c2 − 2ab− 2bc− 2ca. (11)
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The contributions of the diagrams (a), (b), and (c) in Fig. 1 are represented by T a,
T b, and T c, respectively. The terms T a and T b are written as
T a =
∑
j
8∑
n=1
Im(Xn1j1)In(m˜ω1, m˜χj, M˜t1), (12)
T b =
∑
j
8∑
n=1
Im(Y n1j1)Jn(m˜ω1, m˜χj , M˜t1), (13)
where coefficients Xn1j1, Y
n
1j1 and functions In(m˜ω1, m˜χj, M˜t1), Jn(m˜ω1, m˜χj, M˜t1) are
given in Appendix. The term T c is obtained from T a by appropriately changing the
coefficients and the charged Higgs-boson mass MH±. The sum for the intermediate
neutralinos should be done for those which satisfy the kinematical condition M˜t1 >
mt + m˜χj .
In Fig. 2 the absolute value of AbCP is shown as a function of the SU(2) gaugino
mass m˜2 for M˜q = 400 GeV and α = pi/4. Four curves correspond to four sets
of parameter values for c and tanβ listed in Table 1, where the lighter top-squark
mass is also given. The other parameters are taken as |A|m3/2 = M˜q, |mH | = 100
GeV, θ = 0, and MH± = 100 GeV. The parameter m˜2, together with mH and
tan β, determines the masses of the charginos and neutralinos. In the mass ranges
where curves are not drawn, the lighter chargino mass becomes smaller than 66 GeV,
which is ruled out by LEP2 experiments [7]. In Table 2 the masses of the lighter
chargino and the lighter two neutralinos are shown for m˜2 = 500 GeV. Assuming
grand unified models, the gluino mass is also determined by m˜2. For m˜2>
∼
500 GeV,
the gluinos are heavier than 2 TeV and the value of the neutron EDM lies within
its experimental bound.
The asymmetry AbCP has a magnitude of order 10
−3 in a region of parameter space
where CP violation becomes maximal at the Lagrangian level. For a larger value of
|mH | or M˜q, |AbCP | is smaller. The mass of the charged Higgs boson does not affect
much the asymmetry. In most region of parameter space in Fig. 2, t˜1 dominantly
decays into bω+1 , tχ1, and tχ2. The branching ratios of these decays at m˜2 = 500
GeV are shown in Table 3. For the detection of an asymmetry AbCP ∼ 10−3, a
necessary number for pairs of t˜t˜∗ is of order 106. At LHC, the t˜t˜∗ pairs are expected
to be produced at a rate of order 105. If its luminosity is upgraded by one order of
magnitude, the asymmetry will be within the reach of detectability.
The interactions which induce the rate asymmetry between the decays t˜→ bω+
and t˜∗ → b¯ω− also yield a rate asymmetry between the decays t˜→ tχ and t˜∗ → t¯χ,
satisfying the relation in Eq. (3). As seen in Table 3, the width of t˜1 → tχ1 or
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t˜1 → tχ2 is generally several times smaller than that of t˜1 → bω+1 , and accordingly
the former decay rate asymmetry becomes larger than the latter by the same order
of magnitude. It will also be possible to examine CP violation through the decay
into tχ1 or tχ2. However, the relation in Eq. (3) makes the detection of a decay
rate asymmetry a little involved. The top quark decays into b and W , while the
chargino decays through χ1 and W
∗, where W ∗ denotes the virtual state of the W
boson. Consequently, the top-squark decays t˜1 → bω+1 and t˜1 → tχ1 have the same
particles in their final states. In order to measure the asymmetry, these decays have
to be distinguished. Such a distinction can be made by e.g. examining the energy
of the b quark. On the other hand, the decay t˜1 → tχ2 shows a different topology,
because of the subsequent decay of the second lightest neutralino χ2.
In summary, we have studied the decay rate asymmetry of the lighter top squark.
By this asymmetry, CP violation intrinsic in the SSM can be probed. If the gluinos
have a mass larger than 1 TeV, a new CP -violating phase contained in the top-
squark mass-squared matrix is not constrained much from the EDM of the neutron.
For a top-squark mass around 300 GeV with the CP -violating phase of order unity,
the asymmetry is of order 10−3, which may be detectable in the near future.
The work of M.A. is supported in part by the Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture, Japan.
Appendix
The coefficients Xnijk and the functions In(m˜ω, m˜χ, M˜t) in Eq. (12) are defined by
X1ijk = K
∗
LB
k
LiF
k∗
Lj ILji +K
∗
RB
k
RiF
k∗
RjIRji,
X2ijk = K
∗
LB
k
LiF
k∗
RjILji +K
∗
RB
k
RiF
k∗
Lj IRji,
X3ijk = K
∗
LB
k
RiF
k∗
Lj ILji +K
∗
RB
k
LiF
k∗
RjIRji,
X4ijk = K
∗
LB
k
RiF
k∗
RjILji +K
∗
RB
k
LiF
k∗
Lj IRji,
X5ijk = K
∗
RB
k
LiF
k∗
Lj ILji +K
∗
LB
k
RiF
k∗
RjIRji,
X6ijk = K
∗
RB
k
LiF
k∗
RjILji +K
∗
LB
k
RiF
k∗
Lj IRji,
X7ijk = K
∗
RB
k
RiF
k∗
Lj ILji +K
∗
LB
k
LiF
k∗
RjIRji,
X8ijk = K
∗
RB
k
RiF
k∗
RjILji +K
∗
LB
k
LiF
k∗
Lj IRji,
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I1 =
1
2
m˜ωmt
{
T + (m2t + m˜
2
ω − M˜2t −M2H±) log
∣∣∣∣∣S + TS − T
∣∣∣∣∣
}
,
I2 =
1
2
m˜ωm˜χ
{
T + (m2t +m
2
b −M2H±) log
∣∣∣∣∣S + TS − T
∣∣∣∣∣
}
,
I3 =
1
2
mbmt
{
T + (m˜2χ + m˜
2
ω −M2H±) log
∣∣∣∣∣S + TS − T
∣∣∣∣∣
}
,
I4 =
1
2
mbm˜χ
{
T + (m˜2χ +m
2
b − M˜2t −M2H±) log
∣∣∣∣∣S + TS − T
∣∣∣∣∣
}
,
I5 = −1
2
m˜ωmb(M˜
2
t −m2t − m˜2χ) log
∣∣∣∣∣S + TS − T
∣∣∣∣∣,
I6 = mbmtm˜ωm˜χ log
∣∣∣∣∣S + TS − T
∣∣∣∣∣,
I7 =
1
2
{
M˜2t T + (−M˜2t M2H± + m˜2ωm2t +m2bm˜2χ) log
∣∣∣∣∣S + TS − T
∣∣∣∣∣
}
,
I8 = −1
2
m˜χmt(M˜
2
t −m2b − m˜2ω) log
∣∣∣∣∣S + TS − T
∣∣∣∣∣,
where
S =
1
M˜2t
(M˜2t + m˜
2
ω −m2b)(M˜2t + m˜2χ −m2t )− 2(m˜2χ + m˜2ω −M2H±),
T =
1
M˜2t
√
λ(m2b , M˜
2
t , m˜2ω)λ(m
2
t , M˜
2
t , m˜2χ).
The coefficients Y nijk and the functions Jn(m˜ω, m˜χ, M˜t) in Eq. (13) are defined
by
Y 1ijk = B
k
LiF
k∗
LjHLji, Y
2
ijk = B
k
LiF
k∗
LjHRji, Y
3
ijk = B
k
LiF
k∗
RjHLji,
Y 4ijk = B
k
LiF
k∗
RjHRji, Y
5
ijk = B
k
RiF
k∗
LjHLji, Y
6
ijk = B
k
RiF
k∗
LjHRji,
Y 7ijk = B
k
RiF
k∗
RjHLji, Y
8
ijk = B
k
RiF
k∗
RjHRji,
J1 =
1
2
m˜ωm˜χ
[
2M2W +m
2
t +m
2
b
M2W
T
+
{
m2b +m
2
t − 2M2W +
(m2b −m2t )2
M2W
}
log
∣∣∣∣∣S
′ + T
S ′ − T
∣∣∣∣∣
]
,
J2 = −
m2bm˜
2
χ +m
2
t m˜
2
ω
2M2W
T − 1
2
[
2(M˜2t − m˜2χ −m2t )(M˜2t − m˜2ω −m2b)
−m2bm˜2χ −m2t m˜2ω +
1
M2W
{
(m2bm˜
2
χ −m2t m˜2ω)(m˜2χ − m˜2ω +m2b −m2t )
+(m2b −m2t )(m˜2ω − m˜2χ)M˜2t
}]
log
∣∣∣∣∣S
′ + T
S ′ − T
∣∣∣∣∣,
6
J3 =
1
2
m˜ωmt
[2M2W − M˜2t + m˜2χ +m2b
M2W
T +
{
2(m˜2ω −M2W +m2t )
−M˜2t −m2b − m˜2χ +
(m2b −m2t )(m˜2ω − m˜2χ)
M2W
}
log
∣∣∣∣∣S
′ + T
S ′ − T
∣∣∣∣∣
]
,
J4 =
m˜χmt(M˜
2
t −m2b − m˜2ω)
2M2W
(
T + 3M2W log
∣∣∣∣∣S
′ + T
S ′ − T
∣∣∣∣∣
)
,
J5 =
1
2
m˜χmb
[
2M2W − M˜2t + m˜2ω +m2t
M2W
T +
{
2(m˜2χ −M2W +m2b)
−M˜2t −m2t − m˜2ω +
(m2b −m2t )(m˜2ω − m˜2χ)
M2W
}
log
∣∣∣∣∣S
′ + T
S ′ − T
∣∣∣∣∣
]
,
J6 =
m˜ωmb(M˜
2
t −m2t − m˜2χ)
2M2W
(
T + 3M2W log
∣∣∣∣∣S
′ + T
S ′ − T
∣∣∣∣∣
)
,
J7 =
1
2
mtmb
[2M2W + m˜2χ + m˜2ω
M2W
T
+
{
m˜2χ + m˜
2
ω − 2M2W +
(m˜2χ − m˜2ω)2
M2W
}
log
∣∣∣∣∣S
′ + T
S ′ − T
∣∣∣∣∣
]
,
J8 = −mbmtm˜ωm˜χ
M2W
(
T + 3M2W log
∣∣∣∣∣S
′ + T
S ′ − T
∣∣∣∣∣
)
,
where S ′ is derived from S by changing MH± to MW .
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Table 1: The parameter values for curves (i)–(iv) in Fig. 2. The lighter top-squark
mass is also given.
c tan β M˜t1 (GeV)
(i) 0.1 2 328
(ii) 0.1 10 335
(iii) 0.5 2 296
(iv) 0.5 10 304
Table 2: The chargino and neutralino masses at m˜2 = 500 GeV for the parameter
values of curves (i)–(iv) in Fig. 2.
m˜ω1 m˜χ1 m˜χ2 (GeV)
(i),(iii) 87 77 102
(ii),(iv) 95 85 107
Table 3: The branching ratios for the four sets of parameter values in Table 1 with
m˜2 = 500 GeV.
t˜1 → bω+1 t˜1 → tχ1 t˜1 → tχ2
(i) 0.59 0.14 0.27
(ii) 0.59 0.13 0.28
(iii) 0.72 0.09 0.19
(iv) 0.71 0.09 0.20
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Figure 1: The one-loop diagrams for the decay of a top squark into a bottom quark
and a chargino.
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Figure 2: The decay rate asymmetry as a function of m˜2. Four curves correspond
to four sets of values for c and tan β in Table 1.
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